The effect of changes in observational coverage on the association between the Arctic oscillation (AO) and extratropical Northern Hemisphere surface temperature is examined. A coupled atmosphere-ocean model, which produces a realistic simulation of the circulation and temperature patterns associated with the AO, is used as a surrogate for the real climate system. The association between the AO and spatial mean temperature, as quantified by regressing the latter on the AO index, is subject to a positive bias due to the incomplete spatial coverage of the observational network. The bias is largest during the early part of the twentieth century and decreases, but does not vanish, thereafter.
Introduction
Considerable attention has been focused on spatial and temporal variations of temperature during the last several decades in an effort to separate the effects of natural climate variability from those of putative anthropogenic global warming. Motivated by the identification of prominent spatial patterns of atmospheric variability and their associated surface temperature anomalies, a number of studies have attributed a substantial fraction of recent Northern Hemisphere (NH) temperature trends to temporal fluctuations in extratropical circulation.
Of particular interest is the proposed relationship between NH extratropical mean temperature and the Arctic oscillation (AO). The AO, as defined by Thompson and Wallace (1998, 2000) , is a pattern of atmospheric variability characterized by a zonally symmetric redistribution of atmospheric mass between the Arctic and midlatitudes, extending from the lower stratosphere to the surface. The AO bears some similarity (Deser 2000) to the North Atlantic oscillation (NAO), which is a more regional measure of the sea level pressure gradient between the Azores high and the Icelandic low (van Loon and Rogers 1978; Barnston and Livezey 1987; Hurrell 1995) . Time series of both the AO and NAO have exhibited pronounced positive wintertime trends during the past several decades, a period during which surface temperatures over the NH extratropics have warmed considerably. Thompson et al. (2000) have associated ϳ30% of the recent wintertime warming of the extratropical NH with the multidecadal trend in the AO. A similar association between spatial mean temperature and the NAO was previously identified by Hurrell (1996) . Studies such as those described above quantify the association between the AO and NAO indices and spatial mean temperature using linear regression and linear correlation. In the sections that follow, a similar approach is adopted. The regression coefficient of extratropical NH temperature on the AO index, b ,AO , is com-T puted as an estimate of the association between these two quantities. Output from a long integration of a coupled climate model is used to determine to what extent such estimates are affected by variations in observational coverage during the period of instrumental records.
Simulation of the AO and its thermal signature
An unforced coupled atmosphere-ocean model simulation is used in this study to explore the effects of temporal variations in spatial sampling on b ,AO . Both T components of the coupled model are three-dimensional, global general circulation models. The atmospheric component represents the horizontal distributions of variables in both spectral and gridpoint domains, with rhomboidal truncation at zonal wavenumber 30 and a VOLUME 14
and sea level pressure [b SLP,AO (x), contours, mb mb Ϫ1 ] on the AO index from (a) the climate model and (b) observations. Model-derived coefficients are based on 900 years of output from an integration with no transient forcing, and observed coefficients are based on data from 1899 to 1997. Unshaded regions in (a) indicate the presence of sea-ice cover; in (b) they indicate that data are available for less than one-half of the months during the 1899-1997 period. Regression coefficients are based on monthly means for the period Nov-Apr.
2.25Њ by 3.75Њ latitude-longitude grid. The vertical distributions of variables are represented using 14 unevenly spaced finite-difference levels. The oceanic component employs a 2.25Њ by 1.875Њ latitude-longitude grid with 18 finite-difference levels. A similar model was used by Knutson et al. (1999) and Delworth and Knutson (2000) to compare observed regional and global temperature trends with those simulated in response to anthropogenic forcing.
As in Thompson and Wallace (1998) , the AO index for the coupled model simulation is based on a principal component analysis of monthly sea level pressure (SLP) anomalies over the northern extratropics during the cold season (November-April). To facilitate its comparison with the observations, the AO index time series is linearly scaled such that a value of unity corresponds to a 1-mb SLP difference between the midlatitude and subpolar extrema of its associated spatial pattern.
To assess the realism of the simulated AO, regression coefficients of local SLP on the AO index b SLP,AO (x) for each grid point x are computed based on 900 years of model output (Fig. 1a) and observations from the period 1899-1997 (Fig. 1b) . Observed SLP anomalies are from an extension of the Trenberth and Paolino (1980) dataset obtained through the Web site of the National Center for Atmospheric Research. Both patterns exhibit the annular mode documented by Thompson and Wallace (1998, 2000) , with negative SLP values in high latitudes and positive values in midlatitudes. In both the model and observations, negative centers appear near Iceland with positive centers over the North Pacific and from southwestern Europe westward into the North Atlantic. The spatial correlation between the simulated and observed b SLP,AO (x) patterns over the region north of 20ЊN is 0.95. Using the standard deviation of the AO index as a measure of the amplitude of AO variability, the coupled model's value of 9.2 mb is quite similar to the observed value of 8.8 mb. The realism of the AO in the coupled model, consistent with analyses of Limpasuvan and Hartmann (1999, 2000) using the atmospheric component of the same model, suggests that useful insights may be gained from further analysis of the simulated AO-temperature relationship.
A similar regression analysis is used to estimate b T,AO (x), the thermal signature associated with a 1-mb increase in the AO index. To maximize the comparability with the observed data, which are computed from a merged dataset that combines surface air temperature anomalies over land (Jones 1994 ) and sea surface temperature anomalies elsewhere (Parker et al. 1995) , the surface temperatures from the coupled model are a combination of the temperature of the lowest atmospheric model level (ϳ25 m above the surface) for land points and the uppermost oceanic model level for ocean points. The simulated and observed thermal signatures ( the eastern United States and negative values over northwestern North America, eastern Canada, and Greenland, and from northern Africa through southwestern Asia.
The extreme values of b T,AO (x) have magnitudes of 0.1-0.4 K mb Ϫ1 . The fidelity of the coupled model in reproducing the observed AO allows the model to be used to assess the impact of spatial sampling on the relationship between the AO and hemispheric mean temperature.
Effect of variations in spatial sampling of surface temperature
To estimate the effects of spatial sampling on b ,AO , T six nonoverlapping 99-yr segments are chosen from the coupled model integration. The duration of these segments is selected to match that of the observed AO index time series. For each of these segments, time series of spatial mean temperature over the NH extratropics are computed in two different ways. In the first computation, all model grid points for the region from 20Њ to 90ЊN are averaged (using area weighting), yielding a temperature anomaly time series all (t). In the T second computation, a time-varying ''observational mask'' is determined, which represents the spatial coverage of available data from the observed surface temperature dataset for the period 1899-1997. Surface temperature anomalies from the coupled model are interpolated to this observational mask and spatially averaged to define an additional temperature anomaly time series masked (t). Because the spatial coverage of the ob-T served surface temperature data is incomplete, all (t) T and masked (t) generally differ. T To determine how estimates of the AO-temperature relationship are affected by temporal variations in spatial sampling of surface temperature, a ''moving-window'' regression analysis is employed. In this analysis, a time series b ,AO (t) is computed by regressing the spa-T tially averaged temperature anomalies for the NH extratropics on the AO index for each of the overlapping 50-yr periods ending on year t. The 50-yr length of the moving window is chosen to be long enough that a relatively large sample is available for the regression analysis, yet short enough to be sensitive to temporal variations in the observational mask. For each of the six coupled model segments, two time series of regression coefficients b ,AO (t) are computed, one using all (t) T T and the other using masked (t). A difference time series T ⌬b ,AO (t) is then computed by subtracting the b ,AO (t)
T T values computed using all (t) from b ,AO (t) values com-T T puted using masked (t). The ⌬b ,AO (t) values from the six T T segments are then averaged to form an ensemble mean (Fig. 2, solid line) .
The ensemble mean ⌬b ,AO (t) time series is positive, T indicating that the b ,AO (t) values based on the masked T coupled model output exhibit a positive bias relative to those computed using complete sampling. The bias decreases in magnitude as the spatial sampling becomes more complete with time, eventually reaching a value of ϳ0.004 K mb Ϫ1 in the latter portion of the record. To understand the reasons for this positive bias, it should be noted that the relationship between NH extratropical mean temperature and the AO index can be regarded as the relatively weak residual that remains after the near cancellation of much larger positive and negative regional temperature anomalies (see Fig. 1 ). Thus comparable sampling of the positive and negative anomaly regions is necessary to accurately estimate b ,AO . The positive bias arises because the positive T anomaly centers over eastern North America and northern Eurasia are well sampled even in the early twentieth century, since many of the longest observed temperature records are located in these regions. In contrast, the centers of negative correlation tend to be poorly sampled in the early years of the observational record, but become better sampled over time. The relatively poor sampling of surface temperatures over high-latitude North America (see unshaded areas in Fig. 1b) is largely responsible for the positive bias of ϳ0.004 K mb Ϫ1 that remains even in recent decades.
The same methodology is used to estimate the effects of spatial sampling on the association between extratropical NH temperature and the NAO index, as expressed by the regression coefficient of the former on the latter, b ,NAO . The NAO index represents the anom-T alous SLP difference between the model grid points nearest Ponta Delgada, Azores, and Reykjavik, Iceland, following the definition of the NAO discussed in Jones et al. (1997) . In this case, the coupled model segments used are 133-yr long to match the length of the observed NAO time series (Fig. 2, dashed line) . The bias in VOLUME 14 
Implications for recent temperature trends
The results of the previous section suggest that regression estimates of the association between the AO and extratropical NH temperature are subject to a positive bias, particularly for periods in the early twentieth century. The bias is smallest for 50-yr moving windows ending after 1970 (Fig. 2) , indicating that the least biased estimates of b ,AO can be obtained using data for T the period from 1920 through the present. In keeping with this approach, b ,AO is computed using monthly T data from the January-February-March (JFM) season, the so-called ''active season'' of Thompson and Wallace (2000) , from the period 1920-97. This procedure yields a b ,AO value of 0.019 K mb Ϫ1 .
T
As noted by Thompson et al. (2000) , there has been a pronounced upward trend in the AO index during the last three decades. The linear trend in this index for the JFM season for the period 1968-97, computed as the slope of a straight line fitted using least squares, is 16.2 mb (30 yr) Ϫ1 . Over the same period, 20Ϫ90N during JFM T warms by 1.02 K (30 yr)
Ϫ1 . The portion of this warming associated with the AO trend can be estimated by multiplying the AO trend by b ,AO . Based on this procedure, Ϫ1 , is associated with the AO trend. This corresponds to ϳ30% of the overall temperature trend during this period and is consistent with the results of Thompson et al. (2000) . (One should note that the fraction of the 30-yr warming trend associated with the AO decreases to ϳ8% if the spatial domain is extended to the entire Northern Hemisphere and annually averaged temperatures are considered.) The half-width of the 90% confidence interval for the regression coefficient of 20-T 90N on the AO index (assuming one degree of freedom per year) is 0.005 K mb Ϫ1 , or ϳ25% of the value of the coefficient itself. A comparable degree of uncertainty also should be applied to estimates of the temperature trend associated with the recent AO trend. Ϫ1 AO component represents, an adjustment to the incompletely sampled overall trend should also be made. Such an adjustment should account for the sampling biases associated with both the AO component of the overall trend (estimated in the previous paragraph) and the portion of the trend not associated with the AO. Unfortunately, an unambiguous estimate of this latter bias is unavailable. In the absence of such information, an assumption can be made that the sampling bias for the ''non-AO'' component of the trend is close to zero. There is some support for this assumption, such as the finding by Madden and Meehl (1993) that the sensitivity of the simulated global warming signal to incomplete spatial sampling is typically less than 2%, although the applicability of this finding is limited by differences in the spatial domain (i.e., global vs NH extratropics). Making the assumption of zero sampling bias for the non-AO component of the trend, the overall trend would be adjusted downward by the same amount as the component associated with the AO, or 0.004 K mb Ϫ1 ϫ 16.2 mb (30 yr) Ϫ1 ϭ 0.07 K (30 yr) Ϫ1 . This estimate of the bias in the extratropical Northern Hemisphere mean temperature trend agrees quite closely with the results of Karl et al. (1994) for trends beginning in the 1970s (their experiment 10MSU), although the spatial and temporal domains are not exactly the same. This adjustment reduces the overall trend from 1.02 K (30 yr) Ϫ1 to 0.95 K (30 yr) Ϫ1 . Thus the 0.24 K (30 yr)
Ϫ1
adjusted AO component would represent ϳ25% of the adjusted overall trend.
Summary and conclusions
In this study, output from a coupled model integration is used to determine to what extent regression-based estimates of the AO-temperature relationship are affected by variations in observational coverage during the period of instrumental records, yielding the following results.
N O T E S A N D C O R R E S P O N D E N C E
R The coupled atmosphere-ocean model realistically simulates the spatial patterns of SLP and surface temperature changes associated with variations in the AO index. The correlations between the simulated and observed patterns of SLP and surface temperature are 0.95 and 0.79, respectively. R When surface temperatures from the coupled model are masked to mimic the availability of instrumental temperature records, imperfect observational coverage leads to an overestimation of the strength of the association between the AO and spatial mean temperature. The magnitude of this spatial sampling bias gradually decreases during the twentieth century, although it does not vanish even during the periods of greatest spatial coverage. R This spatial sampling bias leads to an overestimation of the portion of the recent wintertime (JFM) extratropical NH warming trend associated with the AO.
These findings highlight the importance of adequate sampling of regional temperature anomalies in determining the association between the AO and extratropical NH mean temperature. This contrasts with the less important impact of spatial sampling on the trend in hemispheric and global mean temperature during the past 100 years, as determined from ''frozen-grid'' diagnostics using observed surface temperature data (Jones et al. 1986a,b) . Because the warming during the last century is relatively amorphous in space, it can be more precisely estimated, even from a relatively limited subset of grid points with nonuniform coverage. Using output from a transient climate change simulation as a perfectly sampled surrogate for the real climate system, Karl et al. (1994) have shown that spatial sampling biases associated with centennial temperature trends are an order of magnitude smaller than the trends themselves. This contrasts with the relatively large sampling bias for b ,AO , which is as much as 50% of the b ,AO T T value during the early part of the AO record. The more distinct spatial structure of the thermal signature of the AO requires more complete sampling or optimum interpolation techniques.
